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Abstract: The production of high-quality castings without foundry defects at minimal production costs is a
constant priority for foundries. Innovation and optimization of production processes are key to achieving this
goal. Computer simulation of foundry processes offers a modern alternative to expensive and time-consuming
experiments in real foundries and provides a reliable representation and analysis of casting and solidification
processes. A detailed analysis of the casting and solidification simulation results allows the prediction of various
risks that can cause defects in cast castings, thereby reducing their quality and, last but not least, the cost of their
production. The paper deals with the analysis of a computer simulation of the casting of a brake disc in the
Slovak foundry. This brake disc has had shrinkages and micro shrinkages that reduce the internal quality of the
casting. These defects occurred in the ribs in the upper part of the casting under the feeders. A computer
simulation of the casting and solidification of this casting was made according to real conditions. It turned out
that the designed gating system with a system of feeders was not sufficient to eliminate emerging defects. A new
layout of the feeders was proposed, which ultimately eliminated the occurrence of defects based on the results
of computer simulation. The input parameters were set to be as close as possible to the actual needs of the
foundry. 3D models of the assemblies were designed in SolidWorks CAD software, and filling and solidification
simulations were performed using the NovaFlow & Solid CV 4.6r42 simulation program.
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1. Introduction

Numerical modeling of the casting process is an important tool in foundry, which is based on
the use of empirical and semi-empirical physical and numerical models. These models allow the
simulation and analysis of complex processes that occur during the casting process. The use of
simulation software with an integrated numerical model makes it possible to obtain sophisticated
solutions and data for these processes. Simulation software and correct setting of the input data may
positively affect and even eliminate the trial and error method, which has long been used in some
foundries. Optimization of the gating system is possible not only to reduce the input costs of the
production of a particular series of casts but also the costs associated with the identification of the
causes of the defects.

Solidification simulation is one application of numerical modeling that helps identify hot spots
in a mold. Flow simulation is another important application that provides visualization of melt
velocity during mold filling as well as filling and solidification time information. This information
helps us predict and prevent melt flow disturbances and thereby predict the occurrence of defects [1,
2].

Melt flow in closed systems can be laminar or turbulent. Laminar flow is maintained up to a
certain critical velocity, after which the melt becomes turbulent. In turbulent flow, some of the melt's
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energy is consumed to form vortices, resulting in reduced overall flow velocity and unsteady fluid
flow. In swirling regions, there is an increased flow of liquid metal and a decrease in pressure, which
can cause gas particles to be entrained into the melt. These particles cause wear and erosion of the
molding compound, being absorbed by the melt much like gaseous particles. These inclusions have
a significant impact on the quality of cast parts. The danger of particle entrainment increases as the
flow velocity increases to a value of approximately 1.2 m/s at which entrainment damage to the mold
is likely. The flow velocity in the notches should be in the range of 0.5 to 1.0 m/s [3 - 6].

Most of the defects in the casting and solidification process are caused by incorrect design and
placement of the gating system and feeders on the casting. A correctly designed gating system and
the placement of castings will ensure optimal filling of the mold cavity, directed solidification of the
casting, and the formation of shrinkage in the feeder [7, 8]. The formation of shrinkage in the casting
is accompanied by negatively directed solidification when the melt is closed in the solidifying part of
the casting, i.e. the feeder solidifies earlier than the casting [9].

In addition to the factors mentioned above, which affect the quality of the produced casting, the
shrinkage of ductile iron in the solidification process is also an important phenomenon. The
occurrence of withdrawals and their causes are addressed by several authors such as Chen et al. [10]
and Yeung et al. [11]. Shrinkages occur in the interval liquidus - solidus. Their occurrence can be
prevented by replacing the reduced volume from another source - infusion. The problem of
shrinkages and feeders is described in detail in [12 - 14]. Using this process, the size of the feeders is
chosen based on the volume capacity of the casting and the cast alloy. Subsequently, the shape and
dimensions of the feeder are decisive for the choice of the appropriate type of feeder and their correct
placement on the casting so that the metal is added to the entire volume of the casting during
volumetric shrinkage. The gating system and its opening into the casting also play an important role
in this process [15]. The solidification of ductile iron castings and their construction was dealt with
by Bjerre et al. [16].

This type of cast is made of Ductile Iron due to its specific properties. Ductile iron is a graphite
cast iron with graphite in the shape of spheres embedded in a matrix of an alloy of iron, carbon, and
silicon. The carbon level is within the range of 3.40 - 3.90%. The higher values of carbon are typical of
thin-section casting. The high Carbon Equivalent (CE) and low solidification rate (thick section) may
result in graphite flotation and degeneration of the graphite shape. The risk of flotation is practically
inexistent in the thinner section. The recommended level of CE in the thinner section is above 4.2 %
(4.3 - 4.7 %) [17]. The formation of spheroidal graphite is achieved by modifying melt cast iron (base
phase of gray cast iron, most often of eutectic composition with a lower content of impurities) by pure
magnesium or by magnesium alloys Fe-5i-Mg (with 5 — 10 % Mg). To achieve a graphite nodularity,
a magnesium content of 0.04 to 0.06 % in ready-to-cast iron is commonly envisaged. Ductile iron has
excellent technological properties compared to steel, such as lower melting temperature, better
castability, and machinability. The spherical shape of the graphite causes minimal weakening of the
metal matrix (minimal notching effect). The mechanical properties approximate the properties of
steels. The metal matrix can be ferritic, ferritic pearlitic, and pearlitic. The content of these phases in
the structure most importantly determines the mechanical properties of ductile iron. Ferrite is a
carrier of toughness and plastic properties, perlite is a carrier of strength and hardness. Bainite,
martensite, or austenite can be obtained in the structure by alloying or heat treatment. This cast iron
is susceptible to the quality of metallurgical processing and relevant potential for casting defects [18,
19].

Volume changes in the casting during solidification (formation of shrinkage) are physical
phenomena that cannot be prevented. Through technological intervention, we can ensure the
formation of shrinkage in the casting and the casting solidifies in a healthy way. The formation and
elimination of shrinkage and micro shrinkage in ductile cast iron was dealt with by Siclari et al. [20],
and Davis [21], and its further description is given in [22].

For a casting of a given type, i.e. a casting with different wall thicknesses, positively directed
solidification and the correct distribution of feeders on the casting are very important. Several authors
dealt with the issues of ductile iron castings with different wall thicknesses and the possibilities of
their feedering [23, 24].

The paper aims to analyze the causes of shrinkage and microporosity on the rod parts of the cast
brake disc casting in the Slovak Foundry using computer simulation. The results of the computer
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simulation of casting and solidification of the cast with the original configuration of feeders and the
newly designed configuration of feeders are presented here. The purpose of the computer simulation
is to find out how these adjustments to the placement of the feeders affect the entire casting and
reduce or eliminate the occurrence of shrinkage in this part of the casting. Computer simulation is
significant in the pre-production stage of casting production to avoid the occurrence of foundry errors
on finished castings. Ultimately, this results in a reduction of financial costs and an increase in the
efficiency of the production of castings without the occurrence of foundry defects.

2. Materials and Methods

During the production of castings, which are the final semi-finished product of the brake disc,
foundry defects occur — shrinkages, which are undesirable and can ultimately lead to damage to the
castings. The issue of the given area is very extensive and is the subject of many completed studies
and presented works. However, research on this topic is always necessary, as it is often closely related
to a specific product. Computer simulation can be applied from several methods and procedures
available for further research.

If shrinkage occurs in the casting, its integrity is violated and it may finally break under stress.

Foundry defects - shrinkages that occurred in the casting were caused by incorrect construction
of the model device. This created defects and increased production costs. Therefore, it was necessary
to perform an analysis of the occurrence of defects using computer simulation, which would solve
the given problem.

As it is a highly stressed casting of the brake disc during its operation, where a minimum
occurrence of internal defects in the casting is required. Their occurrence causes deterioration of
mechanical properties and threatens its functionality.

To analyze and study the process of casting and solidification of the brake disc casting, two
simulations were carried out:

- with three feeders - original assembly,

- with six feeders - new assembly.

The casting of the brake disc, for which the gating system was verified, is produced in the Slovak
foundry. The casting is made of ductile iron EN-GJS-400-15 (spheroidal graphite iron — SG iron). Its
chemical composition is: C 3.60%; Si 2.50%; Mn 0.10%; S 0.01%; P 0.02%; Mg 0.04%; Cu 0.15%.
Saturation degree Sc (0.95 —1.04) was at the customer's request. The weight of casting after processing
is 30 kg and its diameter is 500 mm. The casting is made by gravity cast into a bentonite molding
mixture.

The problem with this cast is the appearance of shrinkage on the rods in its upper part. X-ray
inspection showed shrinkages in this part of the casting. The castings were cut in this part, Figure 1.
The occurrence of shrinkages is due to insufficient depositing of metal from the casting during
solidification of the casting. For this reason, a computer simulation of casting and solidification was
made according to real conditions, and a new distribution and number of feeders per casting was
also proposed.
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Figure 1. Shrinkages in the casting.

The 3D model of the casting (Figure 2) was created in SolidWorks CAD software from Dassault
Systemes. This program has a light and visually clear user environment that offers the creation of 3D
and 2D models. The model we created was made in SolidWorks version 2022.

Figure 2. 3D model of a casting brake disc.

A casting is the initial blank used to manufacture a brake disc. The casting process consists of
the gradual filling of the mold cavity with molten metal, while the gating system plays an important
role here. An inseparable part of the gating system are feeders, which ensure replenishment of the
loss of melt in the process of solidification and shrinkage of the metal. Shrinkage results in linear and
volume changes that ultimately lead to shrinkage.

The gating system with a determining cross-section "Ca" in the lower part of the sprue is used
for casting the disc, Figure 3.
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Figure 3. Gating system.

The determining cross-section Ca is located at the bottom of the sprue, not in the ingate, as is the
case with the vacuum gating system, with a standard ratio: 1 : 1.2 : 1.4 (1 - area of the ingates, 1.2 -
area of the runner, 1.4 - area of the sprue). The ingates are located in the lower part of the mold. The
gating system always expands towards the casting by at least 10%. The ideal ratio for this type of
gating system is 1:1.2:1.4 (1 - the area of the determining cross-section CA, 1.2 - the area of the runner,
and 1.6 the area of the ingates). The cast time is not controlled by the filter or the cross-section of the
ingates [25, 26].

Ca is calculated according to Eq. 1:

22,6 . W

— 2
CA_S.f.t.\/ﬁ Lem] )

where: W - Cast weight [kg]
0 - Density [g/cm?]
£ - Friction factor
t - Cast time [s]
H - Effective pouring height [cm]

The cast time was calculated according to Eq. 2:
T=b AW ()

where: [ — average thickness of the casting walls
W — Weight of crude casting [kg]

The cast time was 18 seconds. The coefficient $ of 0.31 was chosen for cast iron. The effective
casting height H of the mold depends on the dimensions of the casting and the type of gating system,

Eq. 3:
PZ
H=h- ﬁ (3)
where: H - effective metallostatic height [cm]

h — height difference between the level of the melt in the pouring basin and the center of the
ingates height [cm]
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P — height of the casting above the ingate [cm]
C - height of the casting in mold [cm]

The determining cross-section of the Ca was calculated at 9.36 cm?2. The calculated determining
cross-section serves as a basis for determining the cross-sections of other elements of the gating
system. Based on the above ratio, the individual elements of the gating system were calculated as
follows:

- Ca-9.36 cm? -> diameter of sprue 2.89 cm
- runner — 1.2 x CA =11.23 cm?
-sprue — 1.2 x 1.2 x CA =13.47 cm?

The complete original assembly of the gating system, feeders, and casting is shown in Figure 4.
The casting is cast using three feeders that are placed in the upper part of the casting. The problem of
feeders is described in more detail in literature [11 — 16].

feeders

Figure 4. Casting assembly with gating system and feeders.

The cast and solidification simulation process is based on the block diagram (Figure 5)
previously published in [27]. The whole process is divided into two basic parts and saccessive steps
that follow each other.

In the first step, a 3D model is created, which is transferred to the simulation program. A
simulation mesh is then created in it. The creation of a simulation mesh, especially the size of the
individual cells of the mesh, significantly affects the quality of the obtained results, the requirements
for hardware equipment, and the time required to perform the calculation.The mesh should be
chosen so that at least two cells fit at the narrowest point on the cast.
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Figure 5. Schematic of cast and solidification simulation [27].

The computer simulation of the original assembly was done in the program NovaFlow & Solid
CV 4.6r42 from the Swedish company Novacast. This software uses New meshing technology and
new advanced numeric models, Control Volume Meshing (CVM). CVM Technology allows the
surface of the 3D model to control the shape of the mesh elements on the border of the casting. This
creates cubic elements inside the casting as well as border cells on the boundary of the casting.

CVM technology has the following advantages in comparison with FDM/FEM methods [28]:

- For most castings, simulation time is reduced to around 10 percent with the same or improved
accuracy (FDM),

- A higher accuracy in simulation, thanks to a perfect description of the 3D model. All sections are
correct in size (FDM),

- Needs less cells to define the casting geometry and ensures faster simulations and smaller result
files (FDM),

- The meshing process is completely automatic and only takes seconds (FEM),

- Enables more advanced calculations, such as gas flow, contact task (stress), or full mold process
(FDM).

The program is optimized for foundry processes, especially for gravity cast in sand molds,
compared to the commonly used AnsysFluent software, which is used for general fluid flow
processes (CFD). Compared to the MagmaSoft and ProCast software, it is more affordable. It also has
excellent customer support. This program offers options for setting the geometry of the cast,
hydrodynamic simulation of filling processes in various technological modes, taking into account the
presence of a free surface of gas bubble formation, as well as simulation of solidification processes,
taking into account the transfer of heat and mass between different phases. Based on the obtained
calculations, metal shrinkage, misruns, and other foundry defects are predicted [25].

NovaFlow&Solid calculates turbulence according to Prandtl's mixing length theory, Eq. 4, Eq. 5
[28]:

a. p= 122—’; (4)
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8
du ,d%u
b l=kE /5 )
where: u - melt velocity.

du .
5, ~ rate of speed change across the main

flow
1 - Prandtl’s mixing length
k — turbulence koeficient (0.39) in our case

After importing the 3D model, the cellular net was determined (the more cells, the more accurate
the results). The total number of cells for the original assembly is shown in Table 1.
The detail of the mesh is documented in Figure 6.

Figure 6. Detail of mesh.

The input data for the simulation is documented in Table 1. These input data correspond to the
real operating conditions of the foundry.

Table 1. Input data for the computer simulation
gravity casting

The properties of the cast material EN GJS 400-15 from the database of the simulation program
are documented in Table 2.

Table 2. The properties of the cast material from the simulation program.

dyn. viscosity at 1300°C
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)eC
toup to 400 °C:

200 W/m/°C

3. Simulation results of the original assembly

The filling process is shown in Figure 7. With the given type of gating system, the filling speed
was in the range of 0.42 — 0.65 m/s during the entire period. The given value is within the prescribed
range given by the literature [3] and thus there was no swirling of the melt during filling.

Velocity [m/s]
{0.42-0.65m/s }

1.500

Figure 7. Filling speed.

The simulation of the solidification of the casting pointed to the occurrence of shrinkage, Figure
8. The probability of occurrence of shrinkages in the casting based on the simulation results is more
than 90%. According to the assumption, the shrinkages were formed in the castings, but what is
inadmissible they were also formed in the ribbed rod part of the casting.

Shrinkage [%]
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Figure 8. Prediction of shrinkages in cast.

The details of the shrinkages that occur in the rod parts of the casting after the results of the
simulation of the original assembly are documented in Figure 9. Other shrinkages occur in the feeders
and parts of the gating system. Their occurrence does not affect the quality of the casting.

Figure 9. Detail of shrinkages in cast.

4. Simulation results of the new assembly

Due to the construction of the mold and the cast technology, the gating system could not be
changed. Only the number and placement of the feeders could be changed. The size and number of
feeders were adjusted according to the volume of heat nodes on the casting. Feeders are a critical part
of the gating system. The system is based on the solidification behavior of iron with graphite and
while graphite is being formed, there is an expansion that should be used for self-feeding of the
casting. The expansion is always connected with a pressure increase within the system which, in turn,
has to be controlled. If the pressure creates a mold deformation, there is a volume increase that has
to be again compensated for, or porosity will be found in the casting [17, 29].

The general equation (Eq. 6) for calculating the modulus of the feeder is [27]:

My =f.Mg (6)

where: Mn — modulus of the feeder
f — factor related to the casting modulus
Ms — modulus of a segment of the cast
To eliminate shrinkages, a feeder system was placed on the casting, consisting of three feeders
on the brake upper surface of type - body 220/25 with a diameter of D 410 mm and three feeders
placed in the lower part of the type - FSDP with side necks up to a diameter of D 289 mm, see Fig 10.
The total volume of feeders was 2.2 dm?®.
The new assembly with the distribution of six feeders is shown in Figure 10.
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new

Figure 10. New assembly with six feeders.

The input data for the simulation were the same (see Table. 1, Table 2). Only the number of cells
of simulation mesh was greater, due to the additional three feeders. The number of cells of simulation
mesh was 6 150 000.

The filling speed of the mold cavity in this new six feeders assembly was in the range of 0.42—
0.65 m/s [3], as shown in Figure 11. The speed color scale is shown in Figure 7. The stated speed at
the entrance to the mold cavity was within the range recommended in the literature. Since the gating
system was not changed, but only the feeders were added, this fact could be expected.

«

{0.42-0.65m/s }

Figure 11. Filling speed in new asssebly with six feeders.

Based on the results of the solidification simulation and the prediction of the occurrence of
shrinkage, it was shown that the addition of feeders to risky places on the casting had a positive effect.
Shrinkages were formed only in the castings and in the gating system, which solidified after filling
the mold. The prediction of shrinkage in the casting itself was less than 1%. The details of the resulting
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shrinkages in the feeders and parts of the gating system are shown in Figure 12 and Figure 13. Their
occurrence in the given areas was more than 90%.

Figure 12. Occurrence of shrinkages in the new assembly.

Figure 13. A detail of the shrinkages occurring in the feeders.

Based on the results of the simulation, a series of test castings were cast with a new distribution
of feeders. As it turned out, the assembly we designed with the addition of three additional feeders
was correct (a total of six feeders), as evidenced by a section of the casting in the critical area where
shrinkage occurred, see Figure 14. Figure 14 is just one of many that have been analyzed. The castings
were subjected to X-ray testing before they were cut. We do not have permission to publish these
images, so they are not included in the article. Since shrinkage in the given area in the original
assembly occurred on every casting cast in the foundry, this analysis and the new distribution of the
feeders will significantly reduce the cost of production of castings.
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Figure 14. Cut of the casting in the critical area (without shrinkages).

The metallographic analysis is performed for a given casting based on the customer's
requirements from the area under the feeders. From its analysis, it follows that the structure is 100 %
ferritic, and nodularity was 93%, Figure 15.

|-".'o':.‘o. Zh ;

' e 2 2 (] "; ‘.. v o
D.‘-. .‘:-A P ... O ~.-‘..,f
Feo 1redte P O oY

.‘A"".._. ;‘.l‘.ﬂ ..‘ Y ...|
Figure 15. Ferritic microstructural under the feeder, 100 x, etched Nital 2%,.

5. Conclusion

Based on the computer simulation results of the foundry processes, the cause of the defects -
shrinkages in the casting of the brake disc made of ductile iron - was determined. An analysis was
made of the casting of the original assembly, i.e. the gating system and the location of the feeders. In
the original assembly, three feeders were placed, which were insufficient and caused shrinkage
cracks on the ribbed roller part of the casting. These shrinkages were not due to poor directed
solidification and flow and solidification rates in the mold cavity. As it turned out from the results of
the computer simulation, their cause was the insufficient number and location of the feeders.
Therefore, it was not necessary to change the gating system, but only the distribution and number of
feeders. From the available literary sources, which relate to casting and the formation of shrinkage in
ductile cast iron [11 — 15] and their study, a new arrangement and number of feeders on the casting
was proposed. Their number was changed to a total of 6 feeders. These were placed in the central
part of the casting. These changes were incorporated into the assembly, which was redrawn in 3D
form and then transferred to the NovaFlow & Solid simulation program. Since the number of feeders
has changed, the density of the mesh has also changed, and thus the number of cells in the simulation
program. The casting input values that corresponded to the operating conditions of the foundry for
the simulation program remained unchanged. As the results of the computer simulation showed,
these changes brought a positive impact. Shrinkage did not occur in the casting and was created in
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the feeders. Based on the simulation results, a series of castings with a new feeder layout was cast. In
the given test series, these shrinkages did not occur and the correctness of the gating system proposed
by us with the new layout and number of feeders was confirmed.

The given analysis also shows the importance of connecting practice, practical experience, and
professional scientific knowledge, which were used here. These results will apply to the casting of a
similar type of casting.
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